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HIE  ELKCTR0P1.AST1C  EFFECT  IN  METALS* 
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ABSTRACT 

The  influence  of  electric  current  on  the 
mechanical  properties  of  metals  is  reviewed. 
Included  are  the  effects  of  both  lew  density 
(•vl A/r.,mJ )  continuous  current  and  high  -h-r.sitv 
("vlOJA/mm* )  current  pulses,  with  special  atten¬ 
tion  given  to  the  latter.  The  influence  of  the: 
high  density  current  pulses  is  analyzed  in  terr-.f 
of  the  parameters  involved  in  the  thermally  acti¬ 
vated  overcoming  of  short-range  obstacles  to  dis¬ 
location  motion.  Considered  are:  (a)  the  force 
drift  electrons  exert  on  dislocations  held  uj  at 
obstacles  and  (b)  the  influence  of  drift 
electrons  on  the  obstacle  strength  and  on  the 
pre-exponential  factor. 

THAT  THE  DRIFT  oi  free  electrons  in  a  metal 
crystal  may  interact  with  the  d  i  r.  local  i  one  there¬ 
in  was  first  reported  hy  Troitshii  and  I.ichtnan 
in  1963(1).  They  found  during  electron  irradia¬ 
tion  of  Zn  single  crystals  undergoing  plastic  de¬ 
formation  that  there  occurred  a  significant 
decrease  in  the  flow  stress  and  an  improvement  in 
ductility  when  the  electron  beam  wan  directed 
along  the  (0001)  slip  plane,  compared  to  when  it 
was  directed  normal  to  the  plane.  Similar 
results  were  subsequently  reported  by  Treitskii 
in  196S(2).  These  observations  led  to  the  con¬ 
clusion  that  drift  electrons  exert  a  force 
("electron  wind")  on  dislocations  and  therefore 
such  force  should  also  occur  during  the  passage 
of  an  electric  current (3,4).  Theoretical  support 
for  a  drift  electron-dislocation  interaction  is 
provided  by  the  considerations  of  Kravchenko  (5), 
Klimov,  Shnyrev  and  Novikov (6) ,  and  mote  recently 
i’.oshchupr. in,  Miloshenko  -mJ  K.->linin(7) . 

T"  idea  that  dritt  electrons  ran  Influence 
the  g'—.g :  tit  icr.  and  motion  of  <1 1  r.l  neat  ions  it  i 
Trtiiskii  and  other  Russian  scientists  to  iarr" 
t  .trios  n:  i  nvost  i  g.  t  i  op-,  into  the  influence 

:  dir--  :  current  i-ui  si  t  in-  ->■  ler  u  !  (’ '  A  /  v.m  ■’  ■ 

tui  1  .«n  :  h  an  c!  ..n  i ..  ,> !  prop,  rt  is-  i-  r . , .  . 

at  run-  temperature  at  I  low.  includiu.  tin-  flow 
stre.sj,.,  -11),  ■■■:•■:.  re  1  ax.i  t  i o:  '  1 1’  r- '  .  ■  if 

To  be  published  in  Proceedings  Ini. 

Symp.  Mechanics  of  Dislocations  - 
ASM,  held  at  Michigan  Technological 
University,  August  28-31,  1983 
On  leave  from  Reactor  Research  Centre 

Kalpakkam,  Tamil  Nadu,  India 


(16,17),  dislocation  generation  ar.d  mobil  i s  !  3 , 
19),  brittle  f  mature  t'20-22)  ,  fatigue '23) .  and 
metal  work ing ( 1 6 , 24-33) .  The  observed  offer:  of 
electric  current  pulses  on  mechanical  p  report  it-:: 
was  termed  an  e!_<  ctroplastic.  effect  . 

Papers  by  North  American  worker.:.  ..»:r  rhe  elec 
troplascic  effect  in  metals  began  appearing  in 
the  literature  from  1979(3'— 44)  .  Shortly  there¬ 
after  papers  also  began  to  appear  from  ache 
regions  of  the  world.  In  1980,  San  Martin  and 
coworkers (43)of  East  Germany  reported  an  electn- 
plastic  effect  in  the  intermetall ii  compound  V,Si 
deformed  at  elevated  temperatures,  indicating  t:  a 
the  effect  is  nm  restricted  to  metals  deformed  a 
relatively  low  temperatures.  In  1981,  Silveira 
and  coworkers (46 .47)  of  Brazil  found  that  the  rat 
of  stress  relaxation  of  a  number  of  metals  at 
elevated  temperatures  increased  significantly 
with  the  application  of  a  small,  continues: 
direr:  current  of  1.6A/mm‘ ,  indicating  tha:  t!  ■ 
influence  of  an  electric  current  or:  the  mechan  -  - 
cal  properties  of  metals  is  not  restricted  to 
high  current  densities.  This  was  in  keeping  with 
an  earlier  observation  of  Kishkin  and  Ely;  infnS), 
who  found  tliat  the  creep  rate  of  a  number  of 
metals  increased  upon  application  of  currents  as 
low  as  0.15A/mr.r. 

In  addition  to  an  influence  of  drift  elec¬ 
trons  on  the  plastic  flow  Stress  nr  rate,  rharu’e-. 
in  the  dislocation  structure  have  been  ohiorved 
(49,50);  also  changes  in  texture  and  ir.  sub  se¬ 
quent  tensile  properties  have  resulted  from  ! he 
application  of  current  pulses  during  met  alvcrkir,  ■’ 
(32,51,52).  Further,  it  was  found < 53 , 34  )  that 
the-  concurrent  application  of  high  duns-,:--  j.,-. 
cur  i  on:  pulses  -turin,  the  annealing  f  copper  in¬ 
creased  tlu-  rates  of  recovery,  r or  ry r  a  !  , 
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races  of  precipitation  in  Fe-Gi5o,37)  anu  in  Al- 
4vt.J  Cu(38,59)  alloys.  Also  worthy  ol  mention 
is  that  the  heating  of  Cu  anil  Sn/Pb  layers  on  A1 
wires  by  passage  of  an  alternating  electric 
current  of  10A/mm2  led  to  the  formation  of  r; '  and 
e  intermetall  ic  phases,  whereas  onlv  '  formed 
when  the  specimens  were  heated  indi rect Iv (60)  . 
Additional  observations  on  the  effects  of  elec¬ 
tric  fields  and/or  currents  on  the  structure  and 
properties  of  metals  are  presented  in  Refs.  48, 
61-64. 

The  present  paper  will  review  the  work  on 
the  influence  of  an  electric  current  on  the  me¬ 
chanical  properties  of  metals,  giving  attention 
to:  (a)  separating  out  the  side  effects  of  the 
current,  such  as,  for  example,  Joule  heating,  the 
pinch  effect  and  the  skin  effect,  and  (b)  identi¬ 
fying  the  role  of  electron-crystal  ucfect  inter¬ 
actions. 

The  term  electroplastic  effect  has  boon  used 
by  some  (e.g.,  Troitskii  and  coworkers)  tor  the 
total  effect  of  the  current  (including  the  side 
effects)  and  hv  others  (e.p.,  Conrad  and  cowork- 
ers)  for  the  tl if f e rente  between  the  total  effect 
and  the  side  effects.  The  difference  in  use  of 
the  term  resulted  from  trie  fact  that  in  the  early 
work  by  Troitskii  on  Zn  single  crystals  the  side 
effects  were  relatively  small  compared  to  the 
total  effect,  so  that  the  total  effect  was  con¬ 
sidered  to  be  due  primarily  to  an  electron- 
dislocation  interaction.  In  the  more  recent  work 
by  Troitskii,  side  effects  of  the  current  (espe¬ 
cially  Joule  heating)  have  been  found  to  repre¬ 
sent  a  significant  fraction  of  the  total  effect. 
In  view  of  this,  Troitskii  coined  the  term 
electronoplastic  effect  for  the  component  due  to 
electron-dislocacion  interactions,  and  retained 
Che  term  electroplastic  for  the  total  effect  of 
the  electric  current.  Tor  the  sake  of  consisten¬ 
cy  anc  to  avoid  confusion,  the  present  paper  will 
follow  the  terminology  proposed  by  Troitskii  that 
the  electropiastic  (ep)  effect  refers  to  the 
total  effect  of  the  electric  current.  However, 
we  will  employ  the  term  electron-crvstal  defect 
(ecd)  effect  for  the  portion  due  to  the  inter¬ 
action  of  drift  electrons  with  crystal  defects  in 
general.  The  term  electron-dislocation  (ed) 
effect  will  then  refer  to  the  interaction  of 
electron  with  dislocations. 

In  view  of  differences  in  objectives  and 
approaches  by  each  of  the  various  regional  groups 
of  investigators  listed  above,  tile  plan  to  be 
followed  in  the  present  paper  will  be  to  first 
review  the  results  of  each  group  separately  and 
then,  in  a  more  general  discussion,  attempt  to 
draw  from  those  results  the  present  state  of  our 
knowledge  and  understanding  of  the  subject. 

RUSSIAN  WORK 

FLOW  STRESS 

Genera i  -  Most  of  the  Russian  work  on  the 
effects  of  electric  current  on  the  flow  stress  of 
metals  has  been  by  Troitskii  and  coworkers,  early 
reviews  of  which  art  found  in  Kefs.  9  and  10. 


investigated  Sn  and  I’b  single  crystals  and  ;>,>lv- 
crystals  of  Zn,  Go.  Sn ,  Pb  and  In;  also  some 
tests  were  conducted  at  room  temperature  s'-  well 
as  78K.  They  employed  direct  current  Id.c.) 
pulses  of  the  order  of  10'A/mm‘  in  strength  an'’. 
'clOOus  duration  by  discharging  a  hank  of  capaci¬ 
tors.  The  time  between  pulses  was  of  the  order 
of  2-10s,  which  time  was  sufficient  to  allow  ttte 
specimen  to  return  to  its  original  temperature 
following  the  current  pulse.  Most  tests  wc r - 
performed  in  uniaxial  tension  on  specimens  1mm 
dia.  x  15mm  long;  however,  some  were  conducted  in 
compression  on  specimens  2 . 5na  x  Amn,  respective¬ 
ly,  to  evaluate  the  role  of  thermal  expansion  due 
to  Joule  heating  on  the  observed  change  in  flow 
stress . 

Single  Crystals  -  An  example  of  the  early 
results  obtained  by  Troitskii  and  coworkers  on  Zn 
single  crystals  is  given  in  Fig.  1.  The  following 


Fig.  ]  Load  versus  extension  diagram  for  Zn 
single  crystals  tested  in  uniaxial  tension  at  78K 
and  a  rate  of  O.Olcms  1  showing  load  drops  due 
to  the  application  of  d.c. .  pulses  produced  by 
discharging  capacitors  with  the  voltages  V 
indicated.  Regions  A  correspond  to  stress  relax¬ 
ation  (i.e.,  machine  was  shut  off).  From 
Troitskii  and  Rozno(4). 

were  noted:  (a)  the  application  of  d.c.  pulses 
during  plastic  flow  at  a  constant  extension  rate 
produced  load  drops,  whose  magnitude  increased 
with  the  capacitor  voltage  (i.e.,  with  current 
density),  and  (b)  the  magnitude  of  the  load  drops 
was  appreciably  smaller  during*  the  Intel  stages 
of  stress  relaxation  compared  to  those  during 
plastic  flow  at  a  constant  extension  rate. 
Furthermore,  the  load  drop  for  a  given  voltaic 
was  larger  for  the  tests  at  7SK  compared  to  those 
at  300K.  Also,  there  was.  a  tendonev  for  the  leal 
drop  /■!>  to  increase  as  the  level  of  'he  flow 
stress  increased.  In  view  of  this,  Troitskii  ind 
coworkers  used  the  ratio  '  P/P  as  a  measure  of  t hi 
electropiastic  effect,  where  P  is  the  t. j  ond 
(flow  stress)  prior  to  the  application  d 
current  pulse. 

Figure  2  shows  llini  the  ratio  .’:7I'  varied 
■with  crystal  orientation  and  with  peri;  •  icc-!. 
For  99.9181’  pure  Zn  crystals,  '!.■■  maximum  va.ue 


Their  studies  were  mainly  on  Zn  single  crystals  of  AP/P  ranged  between  ■  -0 .  1  5-0 . 25  and  o.  enno: 

tested  in  liquid  nitrogen.  However,  thev  also  for  Yr  -  A0°-80°  On  lie.'  .inc!--  i.e- r ■  tie 


basal  plane  and  the  specimen  axis),  whereas  for 
Zr.  crystals  doped  with  0.02"  ('d  tiie  maximum  value 
of  .'P/P  was  '-0.25-0.40  and  occurred  at  ^45°. 


0  10  30  50  73  SO 


X  •  deg 

Fig.  2  The  variation  of  AP/P  with  crystal  orien¬ 
tation  for  pure  Zn  (99.9981)  and  Zn  doped  with 
0.02"  CJ  for  tests  at  300K  and  a  current,  density 
of  900A/mnT  .  From  Troitskii  and  Rozno (4 ) . 

In  early  studies(3,4)  it  was  found  that  the 
magnitude  of  the  load  drop  decreased  with  in¬ 
crease  in  strain  rate,  hater  studies(8)  however 
revealed  that  the  effects  of  strain  rate  were  not 
straightforward  in  that  .'.T  increased  witli  strain 
rate  ac  low  rates,  reached  a  maximum  at  an  inter¬ 
mediate  rate,  and  then  decreased  again  at  higher 
rates . 

Changes  in  specimen  length  AE  which  occurred 
during  a  load  drop  were  calculated  through  the 
relation  \i  -  KAF,  where  K  is  the  spring  constant 
c;  che  test  system.  The  changes  in  length  ranged 
from  2  to  18x10  'mm  for  current  densities  from 
600  to  ISOOA/rom2  (10)  ,  which  correspond  to  strains 
of  ‘-10  "  to  10  3  for  the  Zn  single  crystals 
employed.  Examination  of  the  crystal  surface 
with  a  microscope  revealed  no  significant  change 
in  the  overall  slip  band  structured, 4) ,  except 
perhaps  some  decrease  in  the  coarse  hands  (which 
were  separated  18-24pm)  compared  to  thin  bands 
(separated  9- 1 2pm) (4) . 

Load  drops  were  observed  for  compression  as 
well  as  for  tension(3,4) ,  indicating  that  thermal 
expansic  due  to  Joule  heating  was  not  the  prin¬ 
cipal  cause  of  the  load  drops  resulting  from  the 
current  pulses.  Althoug  a  magnetic  field  of 
'-2000  Oe  had  no  effect  on  the  magnitude  of  the 
load  drop,  a  change  in  polarity  of  the  current 
pulse  d id (9 , 1 0) . 

Recognizing  that  such  side  effects  of  the 
current  pulses  as  Joule  heating,  pinch  effect  and 
skin  effect  can  contribute  to  the  load  drop, 
studies:  were  carried  out  to  evaluate  the  rela¬ 
tive  contribution  of  these  si''e  effects.  Calcu¬ 
lations  and  measurement s (4 , 9 , 1 0)  of  the  tempera¬ 
ture  rise  AT  due  te  Joul.  heating  during  a  single 
current  pulse  of  MOOus  applied  to  a  specimen  in 
liquid  nitrogen  yielded  values  of  'T  =  -0.4C  foi 

a  current  density  .1  ,  :  ,'j'A  '".n'  and  3-8C  for 

J  *  2000A/trji.' .  Similar  considerations  for  t,  :;t; 


at  room,  temperature  with  forced  cooling  yielded  a 
maximum  temperature  rise  of  12-16C.  The  thermal 
expansion  produced  by  these  temperature  rise-  was 
estimated  to  be  responsible  for  3-4"  of  the  load 
drop  at  78K  and  10—1 5 Ti  of  that  at  300K(4).  The 
fact  that  load  drops  occurred  in  compression 
tests(3,4)  supports  the  conclusion  that  thermal 
expansion  was  not  responsible  for  a  large  frac¬ 
tion  of  the  total  load  drop.  Further  support 
that  thermal  expansion  cannot  account  for  a  large 
portion  of  the  load  drop  in  uniaxial  tension  is 
that  the  increase  in  specimen  length  (and  it.  turn 
drop  in  load)  produced  by  a  current  pulse  in¬ 
creased  bv  a  factor  of  ■'•2.5  as  y  increased  from 
18“  to  44“  (9). 

The  second  influence  of  Joule  heating  is 
related  to  the  effect  of  temperature  on  the  flow 
stress,  i.e.,  thermal  softening.  The  fractional 
decrease  in  load  expected  due  to  this  cause  for 
the  temperature  rises  given  above  was  estimated 
(9,10)  to  be  no  more  than  U. 4-0. 67  oi  the  applied 
load,  which  represents  at  most  only  3"  of  the 
total  load  drop  AP.  Thus,  the  combined  effects 
of  thermal  expansion  and  thermal  softening  wore 
estimated  to  account  for  only  6-72  of  the  magni¬ 
tude  of  the  observed  load  drops  AP . 

The  magnitude  of  the  skin  effect  was  evalu¬ 
ated  by  placing  thermocouples  at  the  surface  and 
in  the  interior  of  specimens  and  comparing  the 
temperature-  at  the  locations  produced  by  a 
current  pulse.  It  was  found  that  the  difference 
in  temperature  at  these  positions  for  tests 
carried  out  in  liquid  nitrogen  did  n:>!  exceed 
0.3C  even  at  the  highest  currents,  the  higher 
value  being  in  the  interior.  This  was  taken  to 
indicate  the  absence  of  a  skin  effect.  Worthy  of 
note  is  that  there  was  no  difference  in  thermo¬ 
couple  readings  between  the  center  and  ends  of 
the  specimen. 

To  measure  the  magnitude  of  the  pinch  effect, 
a  two-part  specimen  configuration  was  employed 
(6,9).  One  part  of  the  specimen  (part  A)  was  de¬ 
forming  plastically  under  the  applied  load, 
whereas  the  other  part  (Part  E)  had  no  applied 
load.  Current  pulses  were  passed  through  each 
part  separately  and  the  associated  load  drops  AP 
measured  Tor  pure  7.n  and  Zn  +  0.22  Cd  alloy 
crystals.  The  results  are  presented  in  1 ig.  3 
The  load  drop  .'.Pg  assoc  ial  i-d  with  Part  II,  which 
mca:  tired  only  the  pinch  efleut,  was  similar  In 
magnitude  for  both  materials  and  exhibited  the 
same  current  density  dependence .  On  the  ot',u  r 
hand,  the  load  drop  A  associated  wild  l'crt  A 
had  a  stronger  dependence  on  current  density  than 
APg ;  moreover,  the  current  dependence  of  I’,-,  w:s 
influenced  by  impurity  content,  being  larger  far 
the  Zn  +  0.2"  Cd  alloy.  The  difference  3 

was  of  the  order  of  757.  of  the  total  load  ■  1  r - . :  ' 

for  the  Zn  +  0.27  Cd  alloy  crystal:,  and  of  the 
order  of  507  for  pure  Zn,  indicating  that  t  r.t 
pinch  effort  was  responsible  for  -25  to  50 ;  oi 
the  total  load  drop  in  these  crystals. 

Since  the  combined  effects  o'  there,..'  expan¬ 
sion  and  thermal  softening  duo  to  Joule  heat 
were  found  to  represent  only  a  small  f  r:n  ■<  i  s, 

7  A  ►  of  the  total  load  drop  f  1A\  nhov.-j  ;u. 

from  a  current  pulse,  1  re i t  :T  i i f  . ,  4 ,9  -  1 !  > 


Conr  ul.  Sore  iu  r  .me  v,.i!.:i  in 


considered  the  difference  AP^-ARb  to  be  due 
mainly  to  an  interaction  between  drift  electrons 
and  dislocations.  Support  for  such  an  inter¬ 
action  was  provided  by  the  observation  that  a 
threshold  value  of  the  current  density  ("v'iGOA/ 
mm2)  was  required  lor  AP^-i-Pg  >  0  and  that  a 
weak  polarity  effect  ('^10Z  of  AP^)  occurred  upon 
reversal  of  the  current  polarity,  both  effects 
being  larger  for  the  Zn  +  0.2Z  Cd  alloy. 


Fig.  3  Al’,\  (total  load  drop),  APg  (load  drop  due 

to  pinch  effect)  and  APa-APr  (load  drop  due  to 
electron-dislocation  interaction)  versus  current 
density  for  pure  Zn  (99.998.5)  and  Zn  +  0.2?  Cd 
single  crystals  U.  «  18°)  tested  at  7SK.  Data 
from  Troitskii (9) .  Spring  constant  of  test 
system  K  =  3.37  10  ‘mm/N. 

Pol  very st. 1 1 s  -  iroltxkii  and  coworkers  in¬ 
vestigated  the  effect  of  single  current  pulses  on 
polycrystals  of  Zn,  Cd ,  Sn.  Pb  and  In(3,4).  The 
resulting  load  drops  AP  were  similar  in  magnitude 
to  those  fer  single  crystals  tested  under  identi¬ 
cal  conditions.  However,  because  of  the  larger 
values  of  the  flow  stress,  the  ratios  .'P/P  for 
the  poiycrvstals  tended  tc  be  lower  than  those 
fur  single  crystals.  The  values  of  AP/P  at  a 
condenser  charge  voltage  V  »  130  volts  were  1.2Z 
for  Cd.  2Z  for  Zn,  3Z  for  Sn,  5”  for  Pb  and  3 4 
for  In.  These  ratios  are  considerably  smaller 
than  the  maximum  values  of  20-A0Z  obtained  for 
single  crystals  tested  under  similar  conditions. 

STRESS  RELAXATION  AND  CREEP  -  The  effects 
ot  d.r.  current  pulses  or.  the  stress  relaxation 


of  Zn ,  Cd  and  Pb  crystals  at  78K  were  studied  by 
Troitskii  and  stashenko ( 1 3)  employing  d.c. 
current  pulses  of  400A/ram"  and  65ex  duration  at 
a  frequency  of  lOOriz.  These  authors  found  that 
the  rate  of  stress  relaxation  increased  signifi¬ 
cantly  with  the  application  of  the  current  pulses 
over  that  without  pulses,  the  difference  in¬ 
creasing  with  the  stress  level  prior  to  the  start 
of  the  relaxation.  Moreover,  a  further  increase 
in  the  rate  and  amount  of  stress  relaxation 
occurred  when  the  polarity  of  the  current  was 
reversed  during  the  relaxation.  The  magnitude  of 
the  polarity  effect  was  complex.  It  depended  on 
the  prior  stress  level  and  on  the  time  following 
the  beginning  of  the  stress  relaxation  at  which 
current  was  reversed,  increasing  with  the  prior 
stress  level  and  decreasing  with  relaxation  time 
prior  to  the  current  reversal.  The  relaxation 
rate  did  not  rise  immediately  after  tin  current 
was  reversed,  but  only  occurred  after  a  certaui 
lapse  in  time,  which  increased  the  longer  ire- 
prior  relaxation  rime  before  current  reversal. 

Subsequent  studies (65 , 66)  revealed  that  the 
enhancement  of  stress  relaxation  increased  with 
increase  in  pulse  duration  tp  in  the  range 
50-190ps  for  J  ■  200-2 50A /mm'  and  v  =  100Hz. 
Further,  it  was  found  that  the  influence  of  a 
change  in  polarity  decreased  with  tp  and  with  a 
reduction  in  the  time  between  the  reversals. 

Creep  tests  were  conducted  cm  Zn  crystal!,  at 
78K  employing  d.c.  pulses  of  200-2 50A/rarf  and 
30-240as  duration  at  a  frequency  of  lOOhz  (16,17) 
In  the  first  series  of  exper imenr s ( 1 6)  it  was 
found  that  the  electron-dislocation  contribution 
to  the  thermal  component  t*  of  the  creep  stress 
decreased  from  approximately  B0Z  to  107  as  the 
pulse  duration  time  increased  from  b0  to  150 us . 

In  the-  second  scries  of  experiments  (17'  it  was 
established  that  the  creel  rate  increased  signlti 
cantly  upon  application  of  the  d.c.  current 
pulses,  the  magnitude  of  the  increase  being  ap¬ 
preciable  greater  than  that  obtained  free,  an  a.c. 
current  which  produced  an  equivalent  temperature 
rise.  Contrary  to  the  results  from  the  first 
series  of  experiments,  the  magnitude  of  the  in¬ 
crease  in  creep  rate  in  the  second  series  was 
enhanced  with  increase  In  pulse  duration,  the 
greatest  effect  occurring  for  durations  of  110  tc. 
1 50as . 

More  recently  Stnshenko  and  Troi t sk i  i  (6 7) 
investigated  the  effect  of  current  ( 1 .50- JOOA/nur'  ) 
pulse  frequency  v  in  the  range  of  2  to  600!!?.  on 
the  creep  of  Zn  and  dilute  Zn-Cd  alloys  at  78K. 
They  found  that  the  creep  rate  increased  with 
frequency,  the  effect  of  v  being  greatest  between 
2  and  100Hz.  Analysis  of  the  logarithmic  creep 
curves  indicated  that  the  current  pulses  produced 
a  change  in  the  thermal  component  of  the  stress 
At  anJ  in  the  strain  hardening  rate  h,  the 
former  increasing  and  the  latter  decreasing  with 
v  in  the  range  considered. 

FRACTURE  AND  FATIGUE  -  The  effects  of  d.c. 
pul  ses  of  "'.lOA/mm'  on  the  ductility  of  uncoated 
Zn  crystals  tested  at  78K  and  on  Zn  crystals 
coated  with  a  Hg  film  tested  at  300K  were  inves¬ 
tigate'!!  by  Troitskii,  Skobtsov  and  Men  1  shikh < 2  !  ) . 
They  found  that  the  current  pulses  i:.:reascd  L  . 
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resolved  shear  strain  at  brittle  fracture  by 
100-120"  at  78K  and  by  50-602  at  300K.  Associ¬ 
ated  with  this  increase  in  fracture  strain  was  a 
reduction  in  critical  resolved  shear  stress  and 
in  the  strain  hardening  rate.  The  beneficial 
effects  of  the  current  pulses  increased  with 
pulse  duration  from  5  to  150ys  and  with  increase 
in  frequency  of  the  pulsing  from  0.005  to  0.4s_1 
(time  between  pulses  of  200  and  2.5s,  respective¬ 
ly).  The  load  drop  associated  with  a  single 
pulse  increased  significantly  for  an  increase  in 
time  between  pulses  from  2.5  to  20s,  with  only 
little  further  change  between  20  and  200s. 

In  a  later  study,  Troitskii (68)  investigated 
the  effects  of  a  5um  thick  Hg  coating  on  the 
electroplastic  effect  in  Zn  crystals  tested  in 
tension  at  78K  with  current  pulses  of  vlO  A/m3, 
lOOps  and  0.1Hz.  It  was  found  that  the  Hg  coat¬ 
ing  increased  the  load  drop  due  to  the  current 
pulses  by  30  to  5GZ. 


pulses  ("-1 0 3  A/mm*'  lOOus  and  0.2Hz)  during  cyclic 
loading  (3  cycles)  of  Zn  crystals  up  to  0.8  yield 
stress  at  78K  increased  the  subsequent  yield 
•stress  by  as  much  as  332  and  the  sheer  strain  at 
fracture  as  much  ns  75"  depending  on  crystal 
orients  t ion . 

DISLOCATION  MOBILITY  -  Zuev  et  a!.  (18)  inves¬ 
tigated  tie'  effects  of  d.r.  current  pulses  up  to 
200A/mm*  and  200us  duration  on  the  mobility  ■: 

{ 1122  :<1 123>  dislocations  in  Zn  at  77  to  300K. 

The  current  was  transmitted  through  the  specimen 
normal  to  the  (1120)  plane,  both  with  the  motion 
of  the  electrons  along  and  counter  the  movement 
of  the  dislocations.  An  increase  in  dislocation 
velocity  occurred  for  both  directions  of  the 
current,  the  magnitude  of  the  effect  increasing 
with  the  current  density  hut  tending  to  saturate 
at  J>75A/mm2.  The  magnitude  of  the  effect  was 
greater  when  the  mot  inn  of  electron;;  coincided 
with  that  of  the  dislocations  compared  to  when  it 


Golovin,  Finkel  and  Sletkov(22)  investigated 
the  effects  of  d.c.  pulses  of  the  order  of  10JA/ 
mm* lOOgs  on  crack  propagation  in  silicon  iron 
sheet  in  tension.  They  found  that  both  current 
density  J  and  the  time  of  application  of  the 
current  ta  in  relation  to  the  delay  time  t<j  for 
crack  initiation  without  current  (560us)  influ¬ 
enced  crack  growth.  For  a  current  density  of 
lO’A/atm2  and  -200< ta<0us ,  the  initial  crack 
hardly  grew  at  all  and  was  the  most  favorable 
time  with  regard  to  preventing  crack  growth.  No 
retarding  effect  of  current  pulses  on  crack 
growth  occurred  if  the  current  was  applied  prior 
to  crack  initiation  (ta-'-500ys)  or  once  crack 
growth  was  uell  on  its  way  through  the  specimen 
width  (ta>100ys).  In  the  latter  case,  the 
current  pulse  accelerated  crack  growth  and  melt¬ 
ing  occurred  at  the  crack  edges.  The  optimum 
current  density  for  retarding  further  growth  of  a 
crack  which  had  attained  a  length  of  0.4  of  the 
specimen  width  was  in  the  range  of  0.2x10  <J<4x 
10'A/mm2;  less  retardation  occurred  for  both 
lower  and  higher  current  densities. 

A  distinguishing  feature  associated  with  the 
retardation  of  the  crack  growth  was  the  existence 
oi  a  crater  at  the  tip  oi  the  halted  crack,  name¬ 
ly  an  elliptical  hole  having  an  axis  ratio  of  1.2 
to  1.5,  with  the  major  axis  along  the  crack 
growth  direction.  The  size  of  the  crater  varied 
from  iO  to  over  100, im  depending  on  the  pulse 
parameters.  The  edges  oi  the  craters  showed 
signs  of  melting,  indicating  that  the  temperature 
rise  at  the  crack  tip  rose  to  at  least  1500C. 

Karpenko  et  al.(23)  investigated  the  effects 
of  a  low  density  (0.07A/mm‘ )  continuous  d.r. 
current  on  the  low-cycle,  fatigue  of  steel  speci¬ 
mens  in  environments  of  air,  H-2  gas  and  a  32 
NaCI  solution.  The  passage  of  the  electric 
current  increased  the  fatigue  life  in  ali  three 
environments,  the  greatest  effect  occurring  for 
tests  in  H2-  Metallographic  txamination  revealed 
that  slip  bands  were  mori  uniformly  distributed 
and  che  morphology  of  the  fracture  surface  more 
uniform  for  specimens  with  current  compared  to 
those  without. 

In  another  study  Tro i  t sk  i  i  i."8 )  found  'hat 
the  application  of  high  density  direct  current 


was  counter. 

As  a  critical  test  for  an  cl eelron-d i situa¬ 
tion  interaction,  Boiko,  Ceguzin  and  K!  ino.huk (1 9) 
considered  the  direction  of  current  flow  on  the 
contact  area  produced  by  the  compression  of  a 
single  crystal  Cu  sphere  between  two  parallel  Cu 
plates  while  undergoing  d.c.  pulses  up  to  30A 
with  duration  of  10  ‘s.  Due  to  the  smallness  of 
the  ball-plane  contact  area,  current  densities  of 
ml05A/mm2  were  obtained.  The  contract  area  was 
significantly  larger  at  the  plate  where  the 
direction  of  electrons  enhanced  dislocation 
motion  compared  to  where  it  inhibited  it. 

Further,  the  difference  in  size  of  the  contact 
area  increased  with  increase  in  current  density. 

OTHER  EFFECTS  -  Troitskii  and  Linke(68) 
studied  the  emission  of  electrons  during  the 
plastic  deformation  of  Pb,  Cd,  Zn,  and  In  single 
crystals  with  and  without  the  application  of  d.c. 
pulses  of  1 0 3 A/mm2  and  MOOtis  duration.  Elec¬ 
tron  emission  from  the  specimen  increased  signifi¬ 
cantly  as  they  were  deforming  plastically.  Addi¬ 
tional  bursts  of  emission  occurred  with  the. 
current  pulses,  the  magnitude  of  the  bursts  in¬ 
creasing  with  current  density  and  with  pulse- 
dura  t  ion . 

METAL  WORKING  -  A  review  of  the  application 
of  high  density  d.c.  current  pulses  ('10’ A/mm' 
for  MOOgs)  to  metal  working  is  given  in  Ref.  32. 
The  current  pulses  reduced  the  force  required  to 
draw  Cu ,  stainless  steel  and  W  wires  by  as  much 
as  302  and  improved  the  postdrawing  tensile  proper¬ 
ties.  For  Cu  and  V.'  the  effect  increased  linearly 
with  current  density  and  with  the  frequency  of 
the  current  pulse  for  a  polarity  with  plus  up¬ 
stream  of  the  die  so  that  the  motion  of  electrons 
coincides  with  the  direction  of  the-  deformation 
zone.  Reversing  the  polarity  also  resulted  in  a 
decrease  in  the  drawing  force,  hut  the  magnitude 
was  only  about  one-fourth  that  for  plus  upstr-an. 
Although  a  continuous  d.c.  current  oi  equal  aver¬ 
age  current  density  also  lowered  the  drawing 
force  and  exhibited  a  polarity  effect,  the  n.ient- 
tudu  of  the  changes  were  not  as  large  as  tin  c 
fir  the  pulsed  currents.  The  current  pulsing 
also  produced  changes  in  the  textuto  of  the  Cu 
wire  and  reduced  the  percentage  of  tic!  orm.it  iot. - 
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induced  e-phnse  in  the  stainless  steel . 

AMERICAN  WORK 

FLOW  STRESS  -  One  of  the  present  authors 
(H.C.)  and  his  coworkers  (.34-38 ,40 ,69)  have  inves¬ 
tigated  the  effects  of  single,  high  density  d.c. 
pulses  (MO3 A/mm3  for  MOus  duration)  on  the  flew 
stress  of  a  number  of  polycrystalline  metals  (Cu, 
A1 ,  pb,  Sr.,  Fe  and  Ti)  representing  a  range  in 
crystal  structures,  valencies  and  stacking  fault 
energies.  A  principal  objective  of  the  work  has 
been  to  separate  any  electron-dislocation  inter¬ 
action  from  the  side  effects  of  the  current 
pulses.  One  procedure  employed  to  remove  essen¬ 
tially  all  side  effects  except  that  due  to 
thermal  softening  is  illustrated  in  Fig.  4a.  A 
single  current  pulse  is  applied  during  the 
plastic  deformation  of  a  wire  specimen  in  uni¬ 
axial  tension  and  the  drop  in  stress  AOp  meas¬ 
ured  ,  which  can  amount  to  as  much  as  35%  of  the 


total  flow  stress.  Fig.  4b.  The  specimen  it 
then  dec  remi'ii  t.i  1  1  y  unloaded  to  the  long  range 
internal  stress  and  the  drop  in  stress  A or  re¬ 
sulting  from  the  application  of  the  same  stress 
pulse  measured.  Aog  then  includes  such  side- 
effects  as  thermal  expansion  due  to  Joule  heating, 
the  skin  effect  and  the  pinch  effect.  The  differ¬ 
ence  Aop-Aog  (Fig.  4r)  should  then  consist  prima¬ 
rily  of  thermal  softening  and  any  electron-dis¬ 
location  interaction  which,  may  have  occurred. 

For  Ti  the  quantity  (..Op-Acg)  was  found  to  in¬ 
crease  with  current  density,  bui  was  relatively 
independent  of  test  temperature  between  77  and 
300K  and  strain  rate  between  0.7x!0  4  to 
17x10  “s  1 ;  it  however  increased  with  intersti¬ 
tial  solute  content  in  the  range  of  0.2  to  i.O 
at .% (36) . 

Because  of  test  machine  inertial  effects, 
one  cannot  measure  the  load  drop  during  the  short 
time  ('vSOps)  the  current  pulse  acts.  Therefore, 
computer  modeling  was  employed  (37 , 38)  to  ..eparate 
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thermal  softening  Iron,  any  el er tron-d islcra t ion 
interaction.  An  example  oi  the  results  of  such 
modeling  for  Ti  is  given  in  Fig.  5,  using  an  ex¬ 
perimentally-derived,  thermal -net ivat ion  consti¬ 
tutive  equation  for  the  relationship  between  flow 
stress,  temperature  and  strain  rate  and  reason¬ 
able  values  for  heat  loss  at  the  specimen  sur¬ 
face.  Such  calculations  indicated  that  a  con¬ 
tribution  ir.  addition  to  thermal  expansion, 
thermal  softening,  skin  effect  and  pinch  effect 
was  needed  to  account  for  the  observed  drop  in 
the  flow  stress.  This  contribution  Aoep  (ire;!  in 
present  terminology)  was  taken  to  be  proportional 
to  the  current  density,  giving  for  Ti 


=  0.019  .1 


where  J  is  the  current  density  in  A/mm'  .  Al¬ 
though  standard  slow-response  recorders  were 
employed  in  the  early  measurements (37 , 38)  of  tlic- 
stress  drops  and  temperature  changes,  more  recent 
work (40)  employing  high  speed  recording  systems 
supports  the  validity  of  t  lie  results  of  the 
earlier  measurements. 

Further  support  thar  a  significant  portion 
of  the  flow  stress  drop  which  occurs  with  a 
current  pulse  is  due  to  some  factor  other  than 
Joule  heating  or  a  pinch  effect  is  provided  by 
reccr.f  results(69)  on  the  effect  of  plastic 
strain  c  on  the  quantity  (Aac-.‘oE) .  It  was  found 
that  (iOp-Acj;)  decreases  with  c  for  Cu  and  A1  but 
is  relatively  independent  of  c  for  Fe  and  Ti 
(Fig.  6)  in  spice  of  the  fact  that  Joule  heating 
increases  slightly  with  strain  in  each  case  due 
to  the  increased  resistivity.  As  will  be  shown 
below,  these  effects  of  strain  are  in  accord  with 
what  one  might  expect  if  the  rate  controlling 
mechanism  was  that  commcnly  held  to  occur,  i.e., 
intersection  of  forest  dislocations  for  the  FCC 
metals,  overcoming  some  intrinsic  Peierls-Nabarro 
type  obstacle  for  Fe,  and  overcoming  of  inter¬ 
stitial  solute  atom  obstacles  for  Ti . 
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Varna  and  Cornwel  j  v.4  1  )  investigated  t:hc 
effects  of  current  pulses  wf  250-370A/r.j;t*  f  *r 
several  seconds  on  the  flow  stress  of  single  and 
polycrystals  of  Al .  The  ratio  of  stress  drop1  Ac:-., 
to  total  stress  Of  ranged  between  2  to  b“  f>r 
polycrystalline  specimens  and  2  to  50"  for  single 
crystals,  increasing  with  increase  in  voltage 
across  the  capacitor  bank  (current  density)  and 
with  decrease  in  crosshead  speed  in  the  range  of 
10  **  to  10  5s  1  .  The  effects  of  crosshead  speed 
became  especially  large  in  single  crystals  for 
strain  rates  below  about  3x10  Ss  1 . 

Goldman,  Montowidlo  and  Gall igan (44)  studied 
the  effects  of  switching  on  and  off  d.c.  current 
(2-8A/mm‘ )  and  of  d.c.  pulses  ( 1  .4-8 .  OA/aar  )  :n 
Che  flow  stress  of  Pb  crystals  tested  at  4 . 2K . 

At  low  current  densities  (J^-3A/ism2)  the  specimen 
was  superconduct ing  and  no  effect  of  current  on 
the  flow  stress  was  detected.  At  higher  current 
densities  the  specimen  became  normal  and  a  drop 
in  stress  occurred,  which  the  authors  concluded 
was  entirely  due  to  Joule  heating. 


BRAZILIAN  WORK 


Siiveira  and  coworkers (4b ,4 7)  investigated 
the  effects  of  small  continuous  d.c.  and  a.c. 
currents  (1.6A/mnr)  on  the  stress  relaxation  of 
Cu  and  Al .  Both  a.c.  and  d.c.  currents  were 
found  to  increase  the-  relaxation  rate  at  tempera¬ 
tures  near  0.5  Tm;  however,  the  effect  was 
greater  for  the  d.c.  The  effect  decreased  as  the 
number  of  times  the  relaxation  was  carried  out. 
Further,  they  found  that  the  d.c.  altered  the  dis 
location  arrangement  in  the  Cu  specimens  in  that 
there  occurred  a  partial  destruction  of  the  cell 
structure  even  in  the  first  relaxation  cycle (49). 
This  destruction  became  more  pronounced  as  the 
number  of  relaxation  cycles  was  increased.  No 
such  effects  on  dislocation  structure  were 
observed  for  Al . 
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Fig.  5  Computer  simulation  o)  the  in¬ 
crease  in  temperature  AT,  the  thermal 
component  of  the  flow  stress  r-  ,  the 
stress  due  to  an  electron-dislocation 
interaction  A.;ep ,  the  drop  in  the 
applied  flow  stress  Aua,  the  corre¬ 
sponding  elastic  strain  .\ce ( A  n.. /F.vj)  , 
the  strain  Ac  %  due  to  thermal  expansion 
and  Atp (=Aee-!,.CKj)  the  plastic  strain 
due  to  o*  +  for  polycrystal  1  inc 

zone  refined  Ti  at  300K  and  •’  -  1.7 
xlO  u x  *  f'-r  a  current  pulse  1 
(J  -  SOOOA/mnf  ),  assuming  Cp  "  ‘-'-Oi'Ji 
From  Okazaki,  Ka ga wn  and  Con  rad  '  3 7 ) . 
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Fig.  6  Effect  of  plastic  strain  on  (Aop-.“.r g) / Ej.; 
for  a  current  pulse  of  MO^/mm2  and  60  s  applied 
during  the  uniaxial  tension  of  polycrystalline 
Al .  Cu,  Fe  and  Ti  at  30GK  and  c  =  1.7xiO  ‘s 
Ej,,=machine-specimen  modulus. 

EAST  GERMAN  WORK 

San  Martin  and  coworkers (45)  studied  the 
effects  of  heating  V'3Si  single  crystals  by 
continuous  d.c.  and  a.c.  current  (,v25A/mm' )  on 
creep  behavior  at  1430-2000K.  Electric  current 
heating  increased  the  steady  state  creep  rate 
over  that  observed  for  indirect  heating,  with 
d.c.  heating  being  more  effective  than  a.c. 

During  high  temperature  deformation  of  V^Si, 
Krainer(30)  found  for  indirect  heating  of  the 
specimen  that  the  slip  system  { 1 00 > <00 1 >  was 
active  with  straight  dislocations  of  edge  orient¬ 
ation.  For  specimens  heated  with  d.c.  current, 
no  slip  plane  was  favored.  Since  the  creep  of 
V  Si  appears  to  be  controlled  by  dislocation 
climb,  San  Martin  et  al.(45)  propose  that  the 
enhanced  dislocation  motion  by  the  electric 
current  might  be  due  to  electrontransport  of 
point  defects. 

DISCUSSION 

The  studies  reviewed  above  into  the  effects 
of  eLectric  current  (i.e.,  drift  electrons)  on 
the  flow  stress  or  creep  of  metals  can  be  classi- 
fieu  into  two  general  categories:  (a)  the  effort:-, 
of  high  density  d.c.  pulses  (■'•  1 01  A/mm'  for  10  J 
to  10  at  relatively  low  1  onpera  t  tires ,  i.e., 

T/Tm-'0.4  and  (b)  the  effects  of  relatively  low 
density  (l-10A/mn.‘)  continuous  d.c.  (or  a.c.) 


current  at  T>0.ATnj.  Some  of  the  results  which 
are  strongly  supportive  of  the  idea  that  the 
influence  of  the  high  density  current  pulses 
r  fleets  the  interaction  of  drift  electrons,  with 
crystal  defects  in  general  or  dislocation  motion 
in  particular  include:  (al  the  effect  depends  on 
crystal  orientation  or  relative  direction  of 
electron  motion  compared  to  dislocation  motion, 
(b)  the  effect  depends  on  the  current  polarity 
and  (c)  it  decreases  with  strain  in  FCC  metals. 
Support  for  drift  electron-crystal  defect  inter¬ 
actions  being,  responsible  for  enhanced  stress  re¬ 
laxation  and  creep  rates  at  high  temperatures 
includes:  (a)  the  observed  changes  in  slip  and 
dislocation  structure  and  (b)  no  significant  side 
effects  are  expected  for  the  test  conditions  that 
were  employed.  The  discussion  to  fol  will 
focus  on  the  mechan ism ( s i  whereby  hi  , c ; .  .it" 

current  pulses  influence  the  plastic  aw  at  lew 
temperatures,  since  mast  of  the  work  he 
present  authors,  and  others,  has  be:  n  this 

a  rea . 

Theoretical  calculations  of  th  a  ex¬ 
erted  by  drift  electrons  on  dislocat  ■  .n  a 
number  of  metals  are  presented  in  Tabue  1.  It  is 
here  seen  that  the  force  varies  by  about  2  orders 
of  magnitude  depending  on  the  theory  considered. 

To  analyze  the  effect  of  drift  electrons  or 
the  plastic  flow  of  metals,  it  is  here  assumed 
that  the  plastic  flow  is  governed  by  a  thermal Iv- 
activaced  rate  equation  of  the  form 

c  =  exp  -  {AG(n*)/kT!  (2) 

where  r  is  the  plastic  strain  rate,  crj  the  pro- 
exponential  factor  and  AG  the  Gibbs  tree  energy 
of  activation,  which  is  a  decreasing  fuwtiun  of 
the  effective  stress  o*  -  o-o„ .  o  is  the  applied 
st less  and  c,,  is  the  long-range  intern::  1  stne  ... 
For  small  changes  in  c*,  Eq .  (2)  can  be  expanded 
to  give  for  the  strain  rate  prior  to  the  appl i ca¬ 
tion  of  a  current  pulse 


„  .  AG*  ,  vo* 

*neo  kT  +  KT 


where  v  =  -SAG/Sc*  e  kT'iEnc/ac  is  termed  de¬ 
activation  volume.  Upon  application  of  a  current 
pulse  we.  have 


Enc  ,  =  Enc- 
ed  5ed 


+  "ed) 
kT 


where  ced  is  the  additional  stress  acting  on 
locations  due  to  the  force  exerted  by  the  dri 
electrons.  The  subscript  ed  refers  to  the  va 
associated  with  the  current  pulse.  Subtract: 
Eq .  (3)  from  Kq .  (4)  gives 

(ag*  -  ■<;*, 


.n  (  L  ,/e.) 
ed  i 


kT  "ed 


Avoiding  to  the  thcore:  i  c.'i  1  equation::  i  r  T:bl.  1. 
°ed  I1  report  ion:i  1  to  .1.  Eq .  (3)  then  lud.i.al' 

that  for  a  constant  current  density,  •  n  t  t.v;  slrmid 
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vary  ar  v,  prolSi'dinjs  fj»0j  and  •,C.0<j  do  not  change 
wit',  the  factors  which  produce  a  chance  in  v. 

For  FCC  metals  v  decreases  with  strain  t,  whereas 
lor  ICC  metals  and  Ti,  v  is  independent  of  strain 
(70,7’.'.  Hence  i\,(;  is  expected  to  decrease  with 
c  for  FCC  metals,  and  to  remain  relatively  inde¬ 
pendent  of  c  for  BCC  metals  and  Ti,  which  was  ex¬ 
perimentally  observed  (Fig.  b).  £e(j  is  here 
considered  to  be  equal  to  i.'.ap-lcg ) /t\>t  p ,  where 
tp  ,  s  tile  pulse  duration  (bOrs) . 

Assuming  that  toed  ant*  -Ged  c*°  not  vary  with 
strain,  one  can  on  the  basis  of  Eq .  (a)  determine 
-ed  f°r  FCC  metals  from  the  effect  of  strain  on  v 
and  fed.  Results  obtained (69)  for  the  applica¬ 
tion  of  high  density  d.c.  pulses  (2500-5500A/nsr.' 
for  60„s)  during  the  plastic  flow  of  polycrystal¬ 
line  Cu  in  uniaxial  tension  at  300K  were  employed 
in  this  analysis.  The  maximum  temperature  rise 
in  these  tests  was  5K.  Again  eed  was  taken  to  be 
(  ’-p-’  E  '  /Evtp. 

Since  for  FCC  metals  v  =  kT/om(70),  where 
m  -  in’  is  relativolv  independent  of  c, 

Fq .  (5)  becomes  for  this  class  of  metals 


plotted  versus  J  in  Fig.  8.  Th<  s: 
straight  l  ine  pasrlru  thr-  !.  ?  :o  .  : 
c* d  C1  -  8 . 06 (dvne/cm' ) / (A/vn’ ) .  Tin 
unit  length  (f/t)  on  the  d:  or.tiou 


erf 


b  /MJ 


where  M  is  the  Tivlor  or  :en:a  t  i  on  i .  :  *  .  r. 
st  i  tut  ing  e*d/J  -  8 .06 1  uvne/ct;.'’ )  /  (A/-.:::  .. 
2.53x10  !cm  and  M  «  3.18. '72).  one  o’,  tain: 

■  6.5x10  8 (dyne/cm)  /  (A/.:::.‘  )  ,  which  is  in  r. 
able  accord  with  the  value  of  2.6x10  1  'dyru 
(A/cnT)  calculated  employing  the  equation  c 
Roshchupkin  et  al.(7)  in  Table  1. 

The  intercepts  in  Fig.  7  yield  the  qu_ 


l?n(c0ea/c0) 


CCJ 


-C.ft)  /kT ]  .  A  log-1. 


.  n(, 


Vd 


/*: 


AG* .  -  ;.c* 

(  ed  )  , 


kT 


'  cd  ^  1 


(6) 


iiiti.'e  j  plot  o:  tnu  erj  /  *  i )  vcrs'is  it:  for  a  given 
current  density  J  should  yield  a  straight  line  of 
'0\ /r..  Data  for  Cu  arc  plotted  in  this 
mnner  in  rig.  7,  'Melding  rcasnuahl v  struicht 
linos  whose  intercepts  and  slopes  inermsc  with 
J.  The  values  of  were  cict  ermi  nod  fro  r  the 

slopes  of  tho  line*  hy  taking  :v.  -  5x10  f7?M  and 


of  this  quantity  versus  J  is  given  ir.  Fig. 

yielding  a  straight  line  of  slope  of  2.  7 

suggests  that  this  quantity  varies  as  (r*^ 

Assuming  that,  the  drift  electVons  hav«.  or.l 

little  effect  on  the  obstacle  strength,  i  . «. 

'  C;: ,  the  intercepts  would  then  reflect  th* 

of  electrons  on  the  pre-exponent  in!  0  =  .  r 

£  * .  where  is  the  mobile  dislocat  it  •  dti. 

is  i  ho  area  swept  mil  per  sure  ess  f  u  ’ 

tuat  ion  ami  v*  tin-  fi't-qucm  v  of  v  I :  ■  •  - 1 : 

dislocation  segment  of  length  >*  between  <■' 

cles.  The  second  power  '  ver  wci,'/. 

a.  cord  with  an  effect  of  ■  *.j  the*  r.  -bill 

cat  ieo  density  m f 7 *1  /  .  :-<  noted 

is  that  cn  /c._  ~  1  when  :  ■=  *.T;'A/r::’  , 
lVn  o 

a  threshold  value  n<  I  try 


fur 


in  Fig.  9  ii  i 
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Fig.  9  Ln(cOe./t0)  determined  from  the  inter¬ 
cepts  of  Fig.  7  versus  current  density.  It  is 
here  assumed  that  (.' G*  j  -  /.G*)/kT  »  0. 
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